The distribution of cytochrome bs in rat liver microsomes, and in two microsomal subfractions isolated by density equilibration in a linear sucrose gradient, was studied under the electron microscope by means of a ferritin-labeled hybrid anticytochrome bJanti-ferritin antibody. Results of this study show that cytochrome b5 is present in essentially all microsomal vesicles derived from endoplasmic reticulum (ER), whether rough or smooth. Thus, the dissociation of ER constituents into two groups (b and c), achieved by subfractionating microsomes by isopycnic centrifugation (Beaufay, H., A. Amar-Costesec, D. Thines-Sempoux, M. Wibo, M. Robbi, and J. Berthet. 1974. J. Cell Biol. 61:213-231), does not reflect the association of each group with distinct microsomal particles but reflects rather an enzymatic heterogeneity of the ER: the ratio of group c to group b enzymes increasing with the density and ribosome load of the particles.
smaller sedimentation coefficient and a lower equilibrium density in sucrose and other density gradients, but both groups display a great dispersion with respect to these two properties. In particular, although group b enzymes are more abundant in the smoother subfractions, and those of group c in the rougher subfractions, careful quantitative analysis has made clear that this is not an absolute distinction. It has been shown that the ribosome load is the main factor which determines the equilibrium density of elements derived from ER (17) , and since the two groups overlap extensively in the gradients it appears that enzymes of groups b and c occur in both smooth and ribosome-studded elements (3, 7) .
Two alternative explanations have been proposed to account for these observations (1, 7) and are presented schematically in FmURE 1 Two models of enzyme distributions in the microsomal vesicles derived from the ER. Based on the results of biochemical analysis of density equilibrium subfractionation of microsomes (l, 7), the organization of proteins on the membranes of the microsomes can be envisioned in two ways. Multiplicity model (A): distinct structures in the microsomes which are enzymatically homogeneous; heterogeneity model (B): a single microsomal membrane enzymatically heterogeneous. After reacting with the hybrid-ferritin complex, microsomal vesicles will show different distributions of label (q]) depending on which of the two distributions prevails.
mass. According to the enzymatic heterogeneity explanation, all microsomal vesicles derived from the ER contain both sets of enzymes, but in a ratio which increases in favor of group c with increasing ribosome load. It is, of course, of primary importance to our understanding of the organization of the ER that we be able to distinguish between these two possibilities. As shown in Fig. 1 , this can be done morphologically with the help of a specific marker for each group. The histochemical studies of Leskes et al. (ll) have provided evidence that glucose 6-phosphatase (a constituent of group c) is distributed in both the rough and smooth ER of parenchymal liver cells. These results argue against the multiplicity hypothesis described above. Nonetheless, the possibility remained that two sets of ER vesicles exist, one containing constituents of group b and the other not. To examine this question further, it was necessary to study the distribution of a specific marker of group b. In the present work, we have used for this purpose a hybrid anti-cytochrome bJanti-ferritin antibody (8) . Our results snow that cytochrome b 5, a member of group b, is present in essentially all microsomal vesicles derived from ER, thus providing strong support in favor of the heterogeneity hypothesis. A brief report of these results has been published before (13) .
MATERIALS AND METHODS

Tissue Fractionation and Biochemical Methods
Rat liver microsomes (P fraction) were prepared and subfractionated by means of isopycnic centrifugation in a linear gradient of sucrose, and the subfractions were analyzed for proteins and a number of enzymes, exactly as described previously (2, 6, 7).
Removal of Ribosomes
As a precaution against possible steric hindrance, ribosomes were removed from the microsomes and microsomal subfractions by treatment with pyrophosphate (3, 15) . The fractions were passed through a column of Biogel A-150 m (Biorad Laboratories, Richmond, Calif.) equilibrated with 0.25 M sucrose containing 25 mM sodium pyrophosphate, pH 7.4, elution being performed with the same medium. Microsomal vesicles treated in this manner appear unaltered morphologically except for the loss of ribosomal profiles (3) . Biochemical studies indicated that more than 90% of the ribosomal RNA is removed from the membranes by this procedure. No significant loss in cytochrome b5 was noted after combined pyrophosphate treatment and gel chromatography.
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Immunocytochemical Labeling
Labeling was carried out with an anti-cytochrome bd anti-ferdtin hybrid antibody-ferritin complex (abdaFferritin) as described before (8) . Nonspecific adsorption, which was particularly marked with microsomal vesicles, was greatly reduced by the use, for the formation of the abdaF-ferdtin complex, of a ferdtin preparation previously treated with ribosome-free microsomes. Microsomes were suspended in 0.25 M sucrose-25 mM sodium pyrophosphate, pH 7.4, collected by centrifugation, and resuspended in 0.15 M NaCI, to a concentration of 20 mg of microsomal protein per milliliter. Ferritin was added to this suspension to a final concentration of 5 mg/ ml, the microsomes were removed by centrifugation (105,000 g for 40 min), and the supernate was used for incubation with the hybrid antibody. The efficiency of this step in decreasing nonspecific adsorption suggests that some of the ferdtin molecules in the preparation had a special affinity for microsomal vesicles and were preferentially removed by the treatment. Incubation conditions providing maximal labeling with minimal nonspecific adsorption were selected on the basis of trial experiments. The pyrophosphate-treated fractions were incubated for 12 h at 4~ with abs/aFferritin complex in a medium containing 0.25 M sucrose, 3 mM imidazole-HCl buffer, pH 7.4, 0.15 M NaCI, 0.5% Triton WR-1339, 2 bovine serum albumin (13 mg/ ml), and 0.05% NaN3 (to inhibit bacterial growth). The concentration of microsomes was adjusted to 1 /~g of membrane-bounded cytochrome b5 per milliliter, and that of abs/aF-ferdtin complex to provide a sixfold excess of cytochrome b~ binding capacity. The amount of microsomal suspension used varied between 0.20 and 1.0 ml, and the total incubation volume varied between 3 and 4 ml, depending on the fraction. Controls were made by preincubating the abdaF-ferritin complex in a 12-fold excess solution of cytochrome bs antigen for 2 h at 0~ This mixture was then added to the microsome preparations and treated in the same manner as the tests. In both controls and tests, unreacted ferritin-hybrid antibody was separated from the membranes by chromatography on a column (2.5 x 10 cm) of Biogel A-150 m pre-equilibrated with the sucrose medium used for incubation.
Electron Microscopy
Samples of the labeled membranes were prepared for electron microscopy by the Millipore filter method of Baudhuin et al. (5) as modified by Wibo et al. (17) , except for these two changes: (a) bovine serum albumin in an amount equal to that of the proteins of the mere-2 The results obtained with the incubation of hybrid antibody and microsomes in the presence of Triton WR-1339 were similar to those obtained without Triton. Preliminary experiments indicated, however, that this high molecular weight suffactant did decrease nonspecific adsorption of ferritin. brane preparation was added before fixation, to produce better dispersion of the vesicles in the pellicle; and (b) staining with uranyl acetate (0.5% in 0.05 M maleate buffer, pH 5) was done en bloc for 2 h.
Quantitative Analysis
For quantitative analysis, all pictures were first enlarged to a final magnification of 100,000. All the profiles were then classified according to size by means of a plexiglas plate on which were drawn five concentric circles corresponding to radii of 20, 40, 60, 80, and 100 nm. Most of the membrane profiles were nearly circular, and could be easily and rapidly assigned to a size class by this method. Invaginations of the vesicles were not taken into consideration since ferritin label was very seldom found within them. The number of ferritin images associated with each profile was then determined. (The association of a ferritin label with a particular membrane profile was judged on the basis of closest contact.) The results were expressed for each size class in terms of the absolute number of profiles bearing 0, 1, 2 .... ferritin images per profile. Section thickness was precisely determined by the method of Gillis and Wibo (9) . All counts were adjusted to a standard thickness of 55 nm.
Nonspecific adsorption did not follow Poisson's law, and was corrected by an empirical method, based on the assumption that nonspecific adsorption and specific labeling are two entirely independent phenomena. According to this assumption, within each size class, the subclass in the test that contains zero ferritin images is under-counted, because some of the profiles which should belong to this subclass are "labeled" nonspecifically. To correct this count, we have assumed that the contribution of such profiles to other subclasses is in the same proportion as seen in the corresponding control. These contributions are calculated by simple proportionality rule. They are added to the 0 ferritin-subclass to provide the corrected number of profiles bearing no ferritin, and they are subtracted from the appropriate subclasses. The same process is then applied in turn to each subsequent subclass after subtraction of the nonspecific contributions to it by preceding subclasses. In practice, this is done as follows.
Let at be the ratio of the number of profiles bearing i ferritin images to that of profiles bearing no ferritin in the control; K be the ratio of the total number of profiles to that of profiles bearing no ferritin in the control 
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By reiteration of the same procedure: at-tXl' becomes the number of profiles belonging to the 1-subclass artificially transferred to the i-subclass by nonspecific adsorption (i -2); K XI' is the true number of profiles in the 1-subclass; X/' = Xi' -aHXt' = the number of profiles in the /-subclass corrected for artificial transfer from the zero-and/-subclass (i ---2). The procedure is repeated until every subclass has been fully corrected.
RESULTS
Biochemical Properties
Fractionation of the liver by differential centrifugation and subfractionation of the microsomes by isopycnic centrifugation in a sucrose gradient were performed with satisfactory recoveries for all components, and yielded results similar in every respect to those published previously (2, 7). Table I gives the biochemical composition of the microsomal fraction. Fig. 2 shows the distributions of key components after density equilibration in a sucrose gradient and identifies the subfractions (5 and 12) that were selected for analysis. More complete details on the composition of these subfractions are given in Table I . The low density subfraction 5 is typically enriched in cholesterol and phospholipid, in group b enzymes, and in enzymes associated with non-ER elements; it is relatively depleted of glucose 6-phosphatase (group c), and especially of RNA. The high density subfraction 12 is correspondingly rich in RNA and glucose 6-phosphatase, and poor in group b enzymes; it is practically devoid of non-ER contaminants. Table II provides an estimate of the contribution of different cell parts to the total protein of the microsomal fraction and subfractions. It is seen that subfraction 12 is fairly purified in elements derived from ER, whereas about one-third of the membrane elements in subfraction 5 are of non-ER origin. Correcting for these smooth non-ER elements, we find that the average RNA content per mg protein of true ER elements in this subfraction is a little more than one-fourth the RNA content in subfraction 12. Relative specific activity is the ratio of the amount of enzyme and the amount of protein expressed in percent of the total amount recovered. The recoveries for the enzymes and protein ranged between 85 and 110%. Values are expressed in percent of total protein of the preparations. They have been computed from the ratio of the relative specific activity of marker enzymes in the fraction and in purified preparations of the subcellular components. The relative specific activity was taken to be 35 for alkaline phosphodiesterase I in plasma membranes, 100 for galactosyltransferase in Golgi elements, 70 for acid phosphatase in lysosomes, 5 for cytochrome oxidase of mitochondria and 30 for monoamine oxidase in outer mitochondrial membranes. The latter was excluded from the sum of values given between brackets since the outer membranes of mitochondria were found to contain cytochrome b5 reacting with the abs/aF-ferritin complex (8).
Morphological Observations
The appearance of the initial microsomal fraction after incubation with abdaF-ferritin complex is shown in Fig. 3 . The difference between control and test is marked: the level of labeling in the test is much higher than in the control, and a large proportion of the test profile perimeter is involved in labeling. The ferritin label is found only on the outer face of the vesicle membrane, and in the test is often separated from it by a space of about 10-12 nm. Some profiles, mostly of large size, did not label at all.
Figs. 4 and 5 show subfractions 5 and 12 treated with abJaF-ferritin complex. In general appearance, the images resemble that of the parent microsomal fraction. Their most notable aspect is the large number of profiles that are labeled with ferritin, especially in subfraction 12 (Fig. 5b) , which contains only a few tiny unlabeled profiles. In all three preparations examined, many vesicles showed internal vesiculation, presumably due to invagination of their membrane. These interiorized parts hardly ever showed any labeling, even when they appeared to be connected to the exterior by a channel (Fig. 5b) . Perhaps these channels are too narrow for the abs/aF-ferritin complex to pass through.
In addition to the preparations shown here, many others were examined in the course of our search for optimal experimental conditions. Extensive labeling in the tests was observed in all cases; labeling in the control was the same regardless of whether the preparations were incubated with abs/aF-ferritin preincubated with cytochrome bs or with aF/aF-ferritin complexes. The results presented in Figs. 3-5 and 7-9, although obtained from single experiments, may be considered representative.
Quantitative Analysis
In Fig. 6 are shown the size distributions of the microsomal vesicles seen in the images subjected to quantitative analysis. Confirming the observation of Wibo et al. (17)~ we find that the vesicles in subfraction 12 tend to be larger, those in subfraction 5 smaller, than those in the parent microsoma] fraction. An unexpected finding is that of a slight but systematic shift towards lower sizes of the test distribution with respect to the control. Possibly, binding of the antibody-ferritin complex may cause some shrinkage or breakage of the microsomal vesicles; or the presence of added cytochrome bs in the control may cause some swelling. This effect obviously does not appreciably alter the validity and significance of our observations.
The results of our quantitative measurements of the distribution of the ferritin label are presented graphically in Figs. 7-9. In each of these figures, we show side by side, for each size class, the raw data for test and control and the corrected distribution. It is noticed that the correction is important only for the lower subclasses.
As illustrated by Fig. 10 , the average ferritin load of the labeled profiles is essentially proportional to the diameter of the profiles, indicating that the number of hybrid antibody-ferritin corn- 
RADIUS OF THE PROFILES (nm)
FIGURE 6 Distribution of profile radius seen in the images subjected to quantitative analysis. Test ( ), Control (--). Frequency is defined as AN/NAR where N is the total number of profiles and R is the profile radius. The upper radius limit has arbitrarily been set at 120 nm. The dimension of the frequency scale in nm -I. plexes bound per unit surface area of membrane is independent of the size of the vesicles. Furthermore, the average ferritin load is the same for all three preparations, which is surprising in view of the differences in their cytochrome b5 content (see Table I ). The results listed in Table III show that an eightfold increase in the amount of abs/aFferritin complex used raised the degree of nonspecific adsorption, but did not increase the degree of specific labeling. Therefore the immunochemical label cannot be limiting. It looks rather as though the degree of labeling that we reach corresponds to some sort of saturation. Indeed, if we convert the immunochemical results into number of ferritin-labeled hybrid antibodies bound per milligram protein, using the methodology of Baudhuin et al. with those of the biochemical determinations, we find that we label only between 5 and 7.5% of the cytochrome b5 molecules, depending on the preparation. This point will be examined further in the Discussion. It follows from the above considerations that we cannot attach much significance to the actual number of hybrid antibodies bound. On the other hand, the number of profiles that are labeled is not likely to be overestimated once it has been corrected for nonspecific adsorption. Our results have been summarized in this fashion in Table IV . We see that subfraction 12 contains only 3.7% of unlabeled profiles. Even this small number may be overestimated, since the unlabeled profiles occur almost exclusively in the two smaller size classes, and therefore most likely belong to labeled vesicles of which the labeled portion was not included in the thickness of the section. A similar artifact 9 ,:20 probably affects also the results obtained on the two other fractions.
In Table V the results of Table IV have been 20-~0 multiplied by the corresponding average radius, and then normalized, to provide an estimate of the proportion of labeled and unlabeled membrane surface area. Comparing the totals of Table V with  the values of Table II , we find that there is a rough ~0-60 agreement for each fraction between the proportion of unlabeled membrane surface area and the proportion of protein contributed by non-ER elements (excluding outer mitochondrial membranes, which are known to contain cytochrome bs, and to bind the hybrid antibody-ferritin com-60-00 plex). The agreement would be even closer if account were taken of the fact that some of the small unlabeled profiles probably appear so as a result of unfavorable sectioning. 
Influence of Antibodies on NADH Cytochrome c Reductase Activity
In order to assess the proportion of cytochrome bs molecules accessible to the abdaF-ferritin complex, we compared the effectiveness of this complex to inhibit microsomal NADH cytochrome c reductase activity with that of the bivalent abdab5 antibody. The results, represented in Fig. 11 , show that the complex is less effective than the hybrid antibody alone, which itself is somewhat less effective than the symmetrical antibody. It appears, therefore, that the bound ferritin may prevent some of the complexes from interacting with their target. This effect is, however, much too small to account for the low labeling ratios mentioned above.
DISCUSSION
It is clear from the results of our analysis that the great majority of true ER-derived vesicles are class and the average specific cytochrome b5 content (uneven) and fendtin labeling (even or nearly so) is less striking. However, this reassessment does not argue against the heterogeneity hypothesis since the differences between the light and heavy subfl'actions in glucose 6-phosphatase activity normalized to phospholipids become even more pronounced. Taken together, our findings and those of Leskes et al. (12) thus provide strong evidence for the enzyme heterogeneity of the ER-derived microsomes. One might attribute the results of both our studies and those of Leskes et al. (12) to a homogenization artifact during which different membranes of the ER become fused together. There are several pieces of evidence which suggest that this is not the case. First, mixing of labeled and unlabeled rough microsomes followed by homogenization does not lead to the formation of "hybrid" vesicles by fusing of two different particles (12) . Secondly, histochemical studies of glucose 6-phosphatase reaction in thin sections of liver tissue showed the stain to be present throughout all the ER cisternae of adult liver cells (11) . Thirdly, as mentioned above, the various enzymes of the ER distribute in a nonhomogeneous fashion in sucrose density gradients. Consideration of both the results of the sucrose density gradient experiments and the findings that both cytochrome b~ and glucose 6-phosphatase are present in most of the ER-derived vesicles leads us to think that many of the enzymes of the ER are dispersed throughout all the ER. We cannot answer the question raised previously (7) whether the biochemical heterogeneity of the ER-derived microsomes is intrinsic to the ER in each cell, or results from correlated differences in enzymatic activities and in ribosome load between different cells. It would be particularly interesting to know whether cytochrome b5 is distributed randomly in the membranes as the data of Rogers and Strittmatter (14) suggest or whether it occurs as small patches. Unfortunately, our technique does not allow a more detailed topographic study to be carried out, for we have found that as little as 5% of the molecules of cytochrome b5 in our preparations are labeled with the hybrid-ferritin complex. This finding cannot be simply that a portion of the cytochrome b5 is unavailable for reaction because it is buried in the interior of the membrane. Mild proteolytic digestion of vesicles has proven that almost all of the measurable cytochrome b5 of microsomes is present on the outer surface of the membrane (10) . However, several other factors could affect the extent to which the hybrid-ferritin complex reacts with cytochrome bs. One factor is that a portion of the vesicle membrane is invaginated and the cytochrome b5 within appears to be inaccessible to the hybrid. We estimate, using the morphometric technique of Weibel et al. (16) for analysis, that the invaginations comprise about 20% of the total membrane surface of the vesicles. Table III and Fig. 10 strongly indicate that, under the conditions we have employed, the labeling of the membranes is saturated. One explanation is that perhaps many of the cytochrome b5 molecules on the membrane are prevented from reaction by steric interference from nearby hybrid-ferritin complexes attached to the membrane. Fig. 11 suggests that steric hindrance does indeed occur but that the effect is not sufficient to account for all the cytochrome b~ which is not labeled. Another consideration is the fact, as shown in the preceding paper (8) , that about 18% of the hybrid preparation bearing anti-cytochrome b5 activity consists of antibodies of the type abdab5 or abdaX whose presence would remain undetected in the electron micrographs. We believe from our previous work (8) that the number of hybrid molecules associated as a complex with one ferritin molecule is in the range of one to three. Some ferritin-hybrid labeling therefore may include reaction with more than one molecule of cytochrome bs. Finally, there is also the possibility that, during chromatographic processing, ferritin molecules may become dissociated from the abd aF-ferritin complex, leaving the hybrid unlabeled and thus undetected. We feel that, because of these numerous factors, the ferritin-hybrid label, although entirely satisfactory to qualitatively distinguish membranes on the basis of their cytochrome b5 content, is of limited use for determining more precise details of the topographic distribution of cytochrome b5 on membranes.
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